Abstract. This is an investigation of an endocrine cell type in the midgut of the migratory locust Locusta migratoria. This cell type is found in the posterior region of the midgut and is especially common in the ampullae through which Malpighian tubules drain into the gut at the midgut-hindgut junction. Strong Locusta diuretic hormone-like immunoreactivity in these cells was colocalized with FMRFamide-and substance P-like immunoreactivities. At the ultrastructural level, immunoreactivity for Locusta diuretic hormone was found in spherical granules (mean diameter of 450 nm), the contents of which showed variable electron density. Fractionation of a methanolic extract of the ampullae by reversed-phase high performance liquid chromatography revealed the presence of two peaks of Locusta diuretic hormone-like immunoreactive material, both of which stimulate cyclic AMP production by isolated Malpighian tubules. The more hydrophobic material is most likely Locusta diuretic hormone, which has the same retention time when chromatographed under identical conditions. & k w d :
Introduction
In recent years, diuretic peptides implicated in the regulation of Malpighian tubule function have been identified from several insect species (Coast 1995) . They belong to two distinct families, namely the corticotropinreleasing factor (CRF)-like peptides, which have sequence and structural similarities to CRF, and the insect myokinins, originally identified on the basis of their myotropic activity. In the migratory locust Locusta migratoria, both a CRF-like peptide [Locusta diuretic hormone (Locusta-DH)] and a myokinin (locustakinin) have been described (Kay et al. 1991; Schoofs et al. 1992) . Locusta-DH is a potent stimulant of fluid secretion and cyclic AMP production by locust Malpighian tubules (Kay et al. 1991; Patel et al. 1995) and has been shown to function as a neurohormone in the control of postfeeding diuresis . Locustakinin, which acts via a cyclic AMP-independent mechanism (Thompson et al. 1995) , is not as efficacious as Locusta-DH but, at low concentrations (<0.1 nM), potentiates the diuretic activity of the CRF-related peptide, and there is clear evidence of synergism between the two stimulants (Coast 1995) . Other peptides with reported diuretic activity in locusts are an arginine vasopressin (AVP)-related peptide (Proux et al. 1987 ) and an adrenocorticotropic hormone (ACTH)-like factor (Rafaeli 1993) . However, the ACTH-like peptide has not been characterized, and the diuretic activity of the AVP-like peptide has recently been questioned (Coast et al. 1993) .
All of the diuretic peptides that have been described are the products of neurosecretory cells in the insect central nervous system. Locusta-DH is synthesized by neurosecretory cells in the pars intercerebralis and is stored in the corpora cardiaca from where it can be released into the hemolymph . Likewise, the CRF-like diuretic hormone (Manduca-DH) of the tobacco hornworm Manduca sexta is found in neurosecretory cells of the pars intercerebralis and in the corpora cardiaca (Veenstra and Hagedorn 1991) . Locusta-DH-like immunoreactive neurons are found also in the subesophageal ganglia and in the ventral nerve cord, as well as in regions of the brain that lie outside the pars intercerebralis . The presence of this peptide in a variety of neurons suggests a broader functional role, possibly as a neurotransmitter or neuromodulator, a view supported by the presence of immunoreactive axons within the connectives of the ventral nerve cord . Posterolateral clusters of 2-3 cells each in the ganglia of abdominal neuromeres A1 to A7 contain Locusta-DH-like and locustakinin-like immunoreactive materials (Thompson et al. 1995) . Axons from the cells extend into the periphery via the sternal nerve and terminate in neurohemal endings associated with the median nerve, the lateral cardiac nerve, and the transverse nerve perivisceral organs Thompson et al. 1995) . Myokinins have also been detected in cerebral neurosecretory cells and in the corpora cardiaca from where these peptides can be released into the hemolymph (Muren et al. 1993; Chung et al. 1994) .
In the present study, we were interested in learning whether Locusta-DH is present in cells of the diffuse endocrine system of the locust midgut (Montuenga et al. 1989) . Previous work has established the existence of a variety of endocrine cell types among the enterocytes that comprise the midgut wall (Montuenga et al. 1989 (Montuenga et al. , 1994 . These scattered endocrine cells are more frequent in the posterior regions of the midgut, particularly in the ampullae through which Malpighian tubules drain into the gut lumen at the midgut-hindgut junction (Montuenga et al. 1985 (Montuenga et al. , 1989 (Montuenga et al. , 1994 . The endocrine cells of the ampullae are of the open type, reaching the lumen by slender cytoplasmic processes. These cells might therefore be able to respond to changes in the composition of the primary urine and could have a role in the local regulation of diuresis (Montuenga et al. 1989) . The availability of a well-defined antiserum to Locusta-DH , together with a wellcharacterized bioassay (Kay et al. 1991; Audsley et al. 1995) , prompted us to test the hypothesis that the diuretic hormone is present in the endocrine cells of the ampullae.
Materials and methods

Extraction of ampullae and separation
Ampullae from 100 fed locusts (12-to 15-day-old adults) were removed and transferred to liquid nitrogen, ground mechanically, and extracted by sonication (two 30-sec bursts) in 20 ml acidic methanol (87% methanol, 5% glacial acetic acid, and 8% distilled water). The extract was centrifuged at 12 000 rpm for 20 min at 4°C, and the supernatant was diluted to 150 ml with 0.1% trifluoroacetic acid before loading onto a Waters C 18 Sep-Pak cartridge. The cartridge was eluted stepwise with 5 ml each of 0.1% trifluoroacetic acid and 25%, 45%, and 60% acetonitrile in 0.1% trifluoroacetic acid. The 45% fraction, in which Locusta-DH is known to elute (Kay et al. 1991) , was diluted fivefold with 0.1% trifluoroacetic acid and fractionated by reversed-phase high performance liquid chromatography (HPLC). Samples were injected via a Rheodyne loop injector onto a Vydac di-phenyl (10 µm, 4.6×250 mm) column equilibrated with 25% acetonitrile/0.1% trifluoroacetic acid. Chromatography was performed using two Gilson 305 pumps, a Gilson 805 manometric module, and a Gilson 811B dynamic mixer. Elution was monitored at 215 nm by an LDC SpectroMonitor 5000, and 1-ml fractions were collected using a Gilson 203 micro-fraction collector. The column was eluted with a gradient of 25-45% acetonitrile/0.1% trifluoroacetic acid over 25 min, 45-60% acetonitrile/0.1% trifluoroacetic acid over 2 min, and 60-20% acetonitrile/0.1% trifluoroacetic acid over 3 min at a flow rate of 1 ml/min. Fractions were collected and assayed for biological activity and immunoreactivity.
Assay for cyclic AMP
An aliquot from each HPLC fraction, equivalent to ampullae from 60 insects, was dried with 50 µl 0.1% bovine serum albumin by centrifugal evaporation and resuspended in 60 µl locust saline containing 0.5 mM 3-isobutyl-1-methylxanthine (IBMX). Each fraction was assayed for its ability to stimulate cyclic AMP production by locust Malpighian tubules as described by Kay et al. (1991) . Cyclic AMP measurements were made using a modification of the competitive protein binding assay (Gilman 1972) . The amount of cyclic AMP produced is compared with that of control preparations (saline and IBMX addition) incubated for the same period and that of tubules stimulated with 50 nM Locusta-DP (maximal stimulation). Results are expressed as a percentage of maximal response.
Indirect enzyme-linked immunosorbent assay
An indirect enzyme-linked immunosorbent assay (ELISA) was carried out using a rabbit polyclonal antiserum to Locusta-DH (29-46) as described by Patel et al. (1994) . Aliquots (n=4) from each HPLC fraction, containing the equivalent of ampullae from ten insects, were dried by centrifugal evaporation, resuspended in 4 µl 80% acetonitrile, diluted to 100 µl with coating buffer (0.1 M carbonate/bicarbonate, pH 9.6) and added to the wells of a microtitre plate. After overnight incubation at 4°C, the plate was washed three times with 150 µl 10 mM phosphate buffer/0.1% Tween-20 (PB). Blocking solution (100 µl; 2% non-fat milk in PB) was added to each well, and the plates were incubated for 90 min at 37°C. After another PB wash, 100 µl primary antiserum (1:3000) was added to each well, and the plates were incubated for a further 90 min at 37°C. This was followed by a wash with PB, before 100 µl goat anti-rabbit antiserum conjugated with horseradish peroxidase (1:3000 in PB) was added to each well. The plate was then incubated for 40 min at 37°C. After a final PB wash, 100 µl substrate solution (4.25 mg o-phenylenediamine and 1.25 µl 30% hydrogen peroxide in 25 µl 0.1 M citrate buffer, pH 5.0) was added to each well and incubated for 40 min at 37°C. The reaction was stopped by the addition of 50 µl 0.5 M sulfuric acid, and the absorbance was read at 492 nm on a Labsystems Multiscan MCC/340. Standard synthetic Locusta-DH was assayed in the same plate.
Immunocytochemistry
For immunocytochemical studies, 15 adults of both sexes were used. Animals were killed by decapitation and dissected under a Ringer solution isotonic to locust hemolymph. The entire gut was removed, together with attached Malpighian tubules. Guts from ten insects were fixed in Bouin's fluid for 24 h and embedded in paraffin. The remaining guts were processed for plastic embedding by fixation in 0.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4°C for 2 h. Following a 16-h wash in 0.1 M cacodylate buffer containing 0.25 M sucrose at 4°C, the tissues were postfixed in 1% phosphate-buffered osmium tetroxide for 1 h. After dehydration through a graded series of ethanol and treatment with propylene oxide, the tissues were embedded in Epon 812 (Luft 1961) .
For immunocytochemical localization of Locusta-DH in paraffin sections (4-6 µm in thickness), the technique of Hsu et al. (1981) was employed. After removal of paraffin with xylol, followed by 10 min in absolute ethanol, endogenous peroxidase was blocked by treatment with 3% hydrogen peroxide in absolute methanol. Sections were then hydrated through a graded series of ethanol and placed in TRIS-buffered saline (TBS; 0.05 M TRIS buffer, pH 7.4, and 0.5 M sodium chloride). Nonspecific binding sites were blocked with 5% pig normal serum in TBS, and the that endocrine cells containing Locusta-DH-like immunoreactive material are present both in the posterior region of the midgut (Fig. 5) and within the ampullae, where they are especially common (Figs. 3, 4) . In the posterior midgut, approximately 3% of the epithelial cells show Locusta-DH-like immunoreactivity, compared with approximately 15% of the cells in the ampullae. In the ampullae, the endocrine cells that are Locusta-DH-immunoreactive are elongated or bottleshaped and usually span the entire thickness of the epithelium, extending from the basement membrane to the lumen (Fig. 4) . The cells reach the apical surface of the epithelium by means of slender cytoplasmic processes. The immunoreactive material is located preferentially in the basal region of a cell, below the nucleus, but is also present within the apical extension. The endocrine cells of the posterior region of the midgut that contain Locusta-DH-immunoreactive material do not appear to make direct contact with the lumen. The specificity of the immunoreactive staining was shown by means of liquid-phase preabsorption controls, in which immunostaining was abolished completely when the antiserum was preabsorbed with Locusta-DH (Fig. 3) and positive controls using sections of locust brain (data not shown) and corpora cardiaca (Fig. 6) , which are known to contain Locusta-DH .
Colocalization studies were carried out with antisera to FMRFamide and mammalian substance P which are present within endocrine cells of the ampullae (Prado et al. 1991; Montuenga et al. 1994) . Immunoreactivity for FMRFamide, substance P, and Locusta-DH was detected in the same cells in semithin serial sections of the ampullae (Fig. 7) and in serial reverse-face paraffin sections (Fig. 8) . In endocrine cells of the posterior midgut, Locusta-DH-like and FMRFamide-like immunoreactive materials were also colocalized, but this was not so for cerebral neurosecretory cells or their terminals in the storage lobe of the corpus cardiacum (Fig. 6) . Preabsorption controls (see Table 1 ) did not reveal any crossreactivity between each antiserum and the non-homologous peptides when the immunocytochemical reaction was tested either in the posterior midgut or the ampullae.
At the ultrastructural level, Locusta-DH-like immunoreactive material was concentrated inside the secretory granules of the endocrine cells in the ampullae (Fig. 9) . In many of the granules, the contents consisted of an inner dark core surrounded by a clear halo (Figs. 9-11 ). Peptide Antiserum
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sections were then incubated overnight at 4°C with anti-Locusta-DH serum (1:2000 in TBS). In addition to this antiserum, some sections were treated with rabbit polyclonal antisera raised against FMRFamide (Peninsula Laboratories, Belmont, Calif., USA) and mammalian substance P (Hammersmith Hospital, London, UK). Following treatment with primary antiserum, sections were rinsed in TBS (5 min) and then incubated for 30 min at room temperature with biotinylated swine anti-rabbit antiserum (1:200 in TBS; Dako, Barcelona, Spain). After a second rinse in TBS, sections were treated for 30 min at room temperature with an avidin-biotin peroxidase complex (1:100 in TBS; Dako) prepared 30 min in advance. The sections were then washed in TBS, and peroxidase activity was demonstrated by the diaminobenzidine/hydrogen peroxide method (Sigma, Madrid, Spain). The reaction was intensified with nickel (Shu et al. 1988 ). Finally, sections were washed in distilled water, counterstained lightly with hematoxylin, dehydrated, and mounted in DPX mountant (BDH Laboratory Supplies, Poole, UK). Liquid-phase absorption controls were carried out by pre-incubation (16 h) of primary antiserum with equivalent peptide (0.1 nM peptide per milliliter of optimally diluted antiserum). Negative controls (omission of any of the layers of the immunocytochemical protocol and the use of non-immune rabbit serum as first layer) were performed and yielded no immunocytochemical reaction.
After removal of the resin (Lane and Europa 1965) , semithin Epon sections (1 µm in thickness) were rinsed in absolute ethanol, rehydrated in a graded series of ethanol, and washed twice in TBS. Osmium tetroxide was removed by incubation in a saturated solution of sodium metaperiodate for 30 min, after which the avidin-biotin complex technique was employed for immunocytochemical localization of Locusta-DH. The method was identical to that described above, but the incubation time for the primary antiserum was increased to 48 h and for the secondary antiserum and avidin-biotin peroxidase complex to 1 h.
Ultrastructural immunolabeling
For the ultrastructural studies, the colloidal gold technique of Merighi et al. (1989) was used. Thin sections mounted on nickel grids were placed in 5% metaperiodate solution, washed in TBS containing 1% Triton X-100 (TBS/TX), and rinsed in TBS/TX containing 0.1 M lysine for 1 h. Nonspecific binding sites were blocked with 5% goat immunoglobulins in a buffer that was also used for the remaining steps (GB; TBS with 1% bovine serum albumin and 0.05% sodium azide). Thin sections were incubated overnight at 4°C with the primary rabbit antiserum (1:800 in GB). Subsequent steps, all at room temperature, included rinses in GB, incubation with the gold-labeled secondary antiserum (goat antirabbit immunoglobulins conjugated to 20-nm gold particles; Biocell Research Laboratories, Cardiff, UK) for 1 h, rinses in GB and distilled water, and double staining with uranyl acetate and lead hydroxide. The grids were observed with a Zeiss EM 10CR transmission electron microscope at 60 kV.
Results
Immunocytochemistry
In the locust, about 200 Malpighian tubules drain into the gut at the midgut-hindgut junction through a system of complex ampullae (Figs. 1, 2) . These ampullae consist largely of epithelial cells, which are similar in histological appearance to the enterocytes of the midgut wall and to endocrine cells (Figs. 3, 4) . Nests of undifferentiated regenerative cells are also present. We have found The immunoreactive granules had a mean diameter of 450 nm, and their contents were of variable electron density. The colloidal gold particles were mainly found over the dark material within a granule (Fig. 10) . Other ultrastructural features of these cells were a lucent cytoplasm, an abundance of swollen cisternae of rough endoplasmic reticulum (Fig. 10 ), which were frequently in contact with the nuclear envelope (Fig. 11) , and the perinuclear Golgi areas containing small dark granules (Fig. 11) . Some larger dark granules were occasionally found within the lumina of the Golgi cisternae (Fig. 12) .
HPLC separation, bioassay, and immunoassay of ampullar extracts
The HPLC profile of a methanolic extract prepared from ampullae from 100 locusts is shown in Fig. 13A , and the effects of individual fractions on cyclic AMP production by locust Malpighian tubule are represented in Fig. 13B . The basal rate of cyclic AMP production was 0.3 pmol/assay tube, and this increased to a maximum of 148.8±7.9 pmol cyclic AMP (n=4) when 10 nM synthetic Locusta-DH was added. Biologically active material from the extract of ampullae eluted after 11-12 min and 16-17 min. Fraction 17, which co-elutes with synthetic Locusta-DH, had the highest activity and gave 23% of the maximum response. The amount of Locusta-DH-like immunoreactive material present in individual HPLC fractions was determined by ELISA, and the data are presented in Fig. 13C . Immunoreactive material is restricted to two areas of the chromatogram which correspond to those having biological activity. No other fractions, at the concentration of ten insect-equivalents tested, contained any significant Locusta-DH-like immunoreactivity. For comparison, absorbances at 492 nm for 0.1 pmol and 0.05 pmol Locusta-DH were 0.91 AU and 0.59 AU, respectively.
Discussion
The present study is the first to combine peptide extraction, HPLC separation, and biological assay with the immunocytochemical demonstration of the cellular source of a regulatory peptide from the dispersed endocrine system of the insect midgut. The results demonstrate that endocrine cells of the posterior midgut of Locusta migratoria, and particularly of the Malpighian tubule ampullae, produce at least two peptides that stimulate cyclic AMP production by isolated Malpighian tubules. The more hydrophobic factor co-elutes with Locusta-DH and is most likely this peptide. The earlier eluting material is likely to be a CRF peptide that contains (an) epitope(s) recognized by the Locusta-DH antiserum, because the only peptides known to stimulate cyclic AMP production by isolated Malpighian tubules are CRF-like ; the other diuretic peptide from the locust, locustakinin, works via a cyclic AMP-independent mechanism (Coast 1995; Thompson et al. 1995) . Only in Manduca sexta have two CRF-like diuretic peptides been identified previously (Kataoka et al. 1989; Blackburn et al. 1991) , both of which stimulate cyclic AMP production in isolated tubules (Audsley et al. 1993 (Audsley et al. , 1995 . However, in M. sexta, the two peptides are present in the brain and corpora cardiaca, whereas in L. migratoria, they are restricted to the Malpighian tubule ampullae.
Locusta-DH has previously been found in tissues of the locust central nervous system and in the storage lobes of the corpora cardiaca . Its presence in endocrine cells is consistent with the suggestion that a situation akin to the mammalian brain-gut axis is present, where a number of brain peptides can be found in the gut and vice versa (Nishiitsutsuji-Uwo et al. 1985; Schoofs et al. 1989 Schoofs et al. , 1993 . It is possible that the CRFlike immunoreactivity described previously in the midgut of several insect species (Schols et al. 1987 ) is due to the presence of a CRF-like peptide, as shown in this study for the locust and in M. sexta, where an mRNA encoding Manduca-DH is expressed in the larval midgut and Malpighian tubules (Digan et al. 1992) . The presence in the posterior midgut and ampullae of endocrine cells containing peptides that are active on Malpighian tubules could explain the contradictory results obtained with assays performed on isolated tubules or on preparations containing the posterior end of the midgut. The release of peptide(s) from these cells could account for the activity of the locust AVP-like peptide on Malpighian tubule-midgut preparations (Proux et al. 1987) , when it has no effect on isolated tubules (Coast et al. 1993) .
Based only on the morphology and location of the ampullar endocrine cells, we proposed a role for these cells in the local regulation of diuresis (Montuenga et al. 1985). The apical surfaces of the cells, which are bathed by the primary urine, could in some way sense the composition of this fluid and thereby modulate the exocytotic release of regulatory peptides into the hemolymph. This hypothesis is supported by results from the present study, demonstrating that these cells contain two biologically active peptides, one of which has a hormonal function in the control of primary urine production . In addition, the ultrastructural immunolocalization of the Locusta-DH-like material within granules derived from the Golgi stacks, gives support to the possible endocrine nature of this cell type. Similarly, Duve and Thorpe (1994) have suggested that Leu-callatostatin-immunoreactive cells in the midgut of Calliphora vomitoria might respond to nutritional, osmotic, or ionic signals from the lumen and release allatostatin into the hemolymph to regulate muscle motility. Antibodies to the tetrapeptide FMRFamide recognize a high proportion of the total number of endocrine cells present in the midgut of several species, including the migratory locust (Montuenga et al. 1994 ). The present study demonstrates that Locusta-DH colocalizes with FMRFamide-like and substance P-like immunoreactive molecules. Previously, Veenstra and Hagedorn (1991) have suggested that Manduca-DH is colocalized with an FMRFamide-like peptide in the median cerebral neurosecretory cells of M. sexta. However, in the locust, these two peptides appear to be colocalized only in the midgut endocrine cells, not in cerebral neurosecretory cells. It is tempting to speculate that peptides colocalized in endocrine cells of the ampullae could cooperate in the regulation of diuresis, as shown recently for Locusta-DH and locustakinin, which are colocalized in neurosecretory cells of the abdominal ganglia (Coast 1995; Thompson et al. 1995) . Possibly the release of Locusta-DH from the ampullar cells stimulates ion and fluid transport by the principal cells of the nearby tubules, while an FMRFamide-like or a substance P-like peptide increases the spontaneous myotropic activity of muscle fibers that spiral around each Malpighian tubule, thereby propelling the excreta towards the gut. A myotropic role for FMRFamide on locust visceral muscle has already been reported (Peeff et al. 1993) , and the substance P-like immunoreactive material could be a locustatachykinin which shares about a 30% sequence identity with mammalian substance P (Schoofs et al. 1990 ).
The number of diffuse endocrine cells in the ampullae of the Malpighian tubules of the locust, and especially their high density compared with the rest of the midgut, makes these cells a good model to investigate both the release of bioactive peptides from a diffuse endocrine system and the local regulation of diuresis. In the present paper we show that this accumulation of cells permits the extraction and bioassay of active peptides in the ampullae. According to our immunohistochemical observations, the term "diffuse" is not a suitable adjective for this set of endocrine cells. The ampullae of the Malpighian tubules could justly be considered a new and specialized endocrine organ at the midgut-hindgut junction.
